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Abstract In order to investigate the influence on shale
gas well productivity caused by gas transport in nanometer-
size pores, a mathematical model of multi-stage fractured
horizontal wells in shale gas reservoirs is built, which
considers the influence of viscous flow, Knudsen diffusion,
surface diffusion, and adsorption layer thickness. A dis-
crete-fracture model is used to simplify the fracture mod-
eling, and a finite element method is applied to solve the
model. The numerical simulation results indicate that with
a decrease in the intrinsic matrix permeability, Knudsen
diffusion and surface diffusion contributions to production
become large and cannot be ignored. The existence of an
adsorption layer on the nanopore surfaces reduces the
effective pore radius and the effective porosity, resulting in
low production from fractured horizontal wells. With a
decrease in the pore radius, considering the adsorption
layer, the production reduction rate increases. When the
pore radius is less than 10 nm, because of the combined
impacts of Knudsen diffusion, surface diffusion, and
adsorption layers, the production of multi-stage fractured
horizontal wells increases with a decrease in the pore
pressure. When the pore pressure is lower than 30 MPa, the
rate of production increase becomes larger with a decrease
in pore pressure.
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1 Introduction
With the increasing demand for world energy and the
improvement of oil and gas exploitation technology,
unconventional oil, and gas resources such as coal-bed
methane, tight sandstone gas, shale oil, and gas have been
paid more and more attention, especially for shale gas
which has achieved commercial production (Wu et al.
2013). Shale gas resources in China are competitive with
those in America and have great potential for further
development (Zhang 2010). In recent years, major break-
throughs have been made in shale gas exploration and
production technology in the Sichuan–Chongqing region,
where the Sinopec Fuling shale gas field has already been
put into commercial production (Yang 2014). The main
storage space in shales is nanopores (Zou 2011), shale gas
reservoirs in China are deeper, and the formation pressure
is higher than those in America (Dong 2012), and gas
transport mechanisms are more complicated. Therefore, it
is necessary to investigate the influence of gas transport
mechanisms on the productivity of fractured horizontal
wells in shale gas reservoirs.
Compared with conventional reservoirs, the pore size in
shale gas reservoirs is nano-scale (Javadpour et al. 2007;
Loucks et al. 2009; Clarkson et al. 2013), which results in
low porosity and ultra-low permeability. The matrix
porosity generally is lower than 0.1, and the matrix per-
meability ranges from 1 nanoDarcy to 1 microDarcy (Wang
et al. 2009). The shale formation acts as both the source
rock and the reservoir rock, so adsorbed gas and free gas
coexist in shale reservoirs (Yao et al. 2013a), where free gas
is stored in the matrix pore space, and adsorbed gas can
make up to 20 %–85 % of the total gas reserve (Hill and
Nelson 2000). It is different pore sizes and different gas
storage patterns in shales that makes the mechanisms of
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shale gas transport in nanopores extremely complicated.
These include viscous flow, Knudsen diffusion, and
molecular diffusion (which only happens when the gas is
multi-component) (Bird et al. 2007). If adsorbed gas exists
in porous media, surface diffusion, adsorption, and des-
orption should also be considered amongst the shale gas
transport mechanisms (Ho and Webb 2006; Akkutlu and
Fathi 2012).
Because of nano-scale porous media in shale gas
reservoirs, the traditional Darcy’s law cannot accurately
describe the mechanism of gas transport. The existence of
nanopores in shale reservoirs makes the gas slippage effect
more apparent (Swami et al. 2012). However, the
Klinkenberg model only applies to low-pressure gas
(Klinkenberg 1941). Based on the model of micro-nano
pipes, Beskok and Karniadakis put forward a volumetric
flow rate formula with different flow regimes (Beskok and
Karniadakis 1999). The Beskok model that describes gas
flow in a single tube has been applied to research into tight
gas and shale gas flow by Civan et al. in which the
Knudsen number is used to describe the transport mecha-
nism that incorporates viscous flow and Knudsen diffusion
(Civan 2010; Civan et al. 2010, 2011). Javadpour (2009)
considered that Darcy’s law and Fick’s law can describe
gas transport mechanisms in micropores, and Knudsen
diffusion is the main gas transport mechanism in nano-
pores. Thus, the Javadpour model which takes viscous flow
and Knudsen diffusion into account in nanopores was
established (Javadpour 2009), and used the pore radius to
characterize gas transport in nanopores. Yao et al. studied
matrix viscous flow, Knudsen diffusion, molecular diffu-
sion, and adsorption and desorption based on the double
porosity model and used the finite element method (FEM)
for numerical simulation of vertical shale gas well pro-
duction (Yao et al. 2013a, b).
Because of the nano-scale effect, the thickness of the
adsorption layer greatly affects the matrix porosity and
permeability (Xiong et al. 2012). Meanwhile, the thickness
of the adsorption layer is a function of pressure (Sakhaee-
Pour et al. 2011). Due to the existence of concentration
gradients, adsorbed gas itself undergoes surface diffusion
(Sheng et al. 2014), especially in nano-scale porous media,
where surface diffusion is an important transport mecha-
nism. In ultra-tight nano-scale porous media, surface dif-
fusion even dominates the gas transport mechanisms
(Sheng et al. 2014; Etminan et al. 2014; Mi et al. 2014; Ren
et al. 2015).
Based on previous research, in this paper, we overall
consider the shale matrix micro-nano-scale effect, which
includes the influence of viscous flow, Knudsen diffusion,
surface diffusion, and adsorption layer thickness and build
a mathematical model of multi-stage fractured horizontal
wells in shale gas reservoirs. Furthermore, the discrete-
fracture model (DFM) is used to simplify the fracture
description, and the FEM is applied to solve the model.
Finally, the influences of different transport mechanisms on
shale gas reservoir production are studied, and a parameter
sensitivity analysis is used to investigate the change on
production and the transport mechanism contribution to
well production.
2 Shale gas transport mechanisms in the reservoir
matrix
Gas transport in shale nanopores consists of several
transport mechanisms, as shown in Fig. 1 (Sun et al. 2015).
Molecular diffusion is caused by collision between differ-
ent component gas molecules. For a single gas species,
collision between molecules results in viscous flow, and
Knudsen diffusion is generated from collision between
molecules and the pore walls, while surface diffusion
happens when adsorbed gas molecules creep along the pore
surface. Considering that there only exists a single-com-
ponent, methane gas, in the shale gas reservoir and free gas
coexists with adsorbed gas in the shale matrix, gas trans-
port mechanisms in the shale matrix is determined by
mutual effect of viscous flow, Knudsen diffusion and
adsorption layer surface diffusion.
2.1 Viscous flow
When the mean-free path of gas molecules is very small
compared to the pore diameters, the probability of colli-
sions between molecules is much higher than collisions
between molecules and pore walls; thus, single-component
gas transport is mainly governed by viscous flow caused by
the pressure gradient. Viscous flow can be modeled by
Darcy’s law (Kast and Hohenthanner 2000):
Nv ¼  qmk1lm
ðrpmÞ ð1Þ
where Nv is the mass flux of viscous flow, kg/(m
2 s); k? is
the intrinsic permeability of the porous media, m2; pm is the
matrix gas pressure, Pa; qm is the matrix gas density, kg/
m3; and lm is the matrix gas viscosity, Pa s.
2.2 Knudsen diffusion
When the pore space is so narrow that the mean-free path
of gas molecules is very close to the pore diameter, colli-
sions between molecules and pore walls dominate. Knud-
sen diffusion can be expressed as (Florence et al. 2007)
Nk ¼ MgDkðrCmÞ ð2Þ
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Cm can be given by Cm ¼ qmMg ¼
pm
ZRT
; and qm is obtained
by qm ¼ pmMgZRT














where Nk is the mass flux of Knudsen diffusion, kg/(m
2 s);
Mg is the molecular weight of gas, kg/mol; Dk is the
Knudsen diffusivity, m2/s; Cm is the concentration of free
gas in the porous media, mol/m3; Z is the gas compress-
ibility factor; R is the ideal gas constant, 8.314 J/(mol K);
T is the gas reservoir temperature, K; /m is the shale matrix
porosity; and c is a constant close to 1. In this paper, we set
c = 1.
2.3 Adsorption and desorption
Shale gas adsorbed on the surfaces of nanopores follows
the mono-layer Langmuir isotherm adsorption equation




pL þ pm ; ð5Þ
where qads is the mass of gas adsorbed per solid volume,
kg/m3; qs denotes the shale matrix density, kg/m
3; Vstd is
the molar volume of gas at standard temperature
(273.15 K) and pressure (101,325 Pa), std m3/mol; VL is
the Langmuir gas volume, std m3/kg; pL is the Langmuir
gas pressure, Pa.
The Langmuir isotherm adsorption is based on a mono-
layer model, and the adsorbed layer makes the effective
diameter of the nanopore decrease. The modified effective
pore radius caused by the mono-layer adsorption on the
pore surface can be written as (Sun et al. 2015)
reff ¼ r  dm pm
pL þ pm ; ð6Þ
where reff is the effective pore radius, m; r is the pore
radius, m; dm is the diameter of a methane molecule, m.
The decrease in the pore diameter leads to a reduction in







By combining Eqs. (6) and (7), the effective intrinsic
permeability that takes the adsorption layer thickness into






where k?eff is the effective intrinsic permeability of the
shale matrix, m2; s is the tortuosity.
2.4 Surface diffusion
Surface diffusion only occurs in porous media where the
gas is adsorbed onto the pore wall, and can be expressed as
Ns ¼ MgDsðrCsÞ; ð9Þ
where Ns is the mass flux of surface diffusion, kg/(m
2 s); Ds
is the surface diffusivity, m2/s; Cs is the concentration of
adsorbed gas, mol/m3. Gas adsorbed on pore surfaces fol-
lows the Langmuir isotherm adsorption and can be
expressed as (Xiong et al. 2012)







Surface diffusionKnudsen diffusionViscous flow
Fig. 1 Single-component gas transport in porous media
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where Cs max is the maximum adsorbent concentration,
mol/m3.
3 Establishment and solution of the fractured
horizontal well mathematical model in shale gas
reservoirs
3.1 Transport equation for the matrix system
Mass transport in nano-scale porous media is the concur-
rent result of viscous flow, Knudsen diffusion, surface
diffusion, and gas desorption. The advective–diffusive
model (ADM) and dusty gas model (DGM) are generally
used to incorporate the coupling mechanisms. Although
DGM considers coupling effect between viscous flow and
diffusion more comprehensively, the transport equation
built by ADM and DGM is the same for a single-compo-
nent gas (Yao et al. 2013c). Thus, ADM is applied to build
the transport equation for the shale matrix:
Nt;m ¼ Nv þ Nk þ Ns ¼  qmkm;applm
ðrpmÞ ð11Þ
with












km,app is the apparent permeability of the shale matrix;
bm is the Klinkenberg coefficient that considers Knudsen
diffusion bm ¼ Dklmk1 .
3.2 Continuity equation for the matrix system
We assume that there are no natural fractures in the gas
reservoir and the gas is only single-component methane.
Adsorbed gas and free gas coexist in the shale matrix, and
the reservoir temperature is assumed to stay constant dur-
ing production. Gas adsorbed on the matrix surface con-
forms to the Langmuir isotherm adsorption equation.
According to the mass conservation law, the continuity




ðqm/m þ ð1 /mÞqadsÞ þ r  Nt;m ¼ qmdðM M0Þ;
ð13Þ
where Nt,m is the mass flux, kg/(m
2 s); qads is the mass of
gas adsorbed per solid volume, kg/m3; qm is the source sink
term, kg/s; d(M - M0) is the delta function which is equal
to zero at all points except point M0, d(M - M0) = 1.
3.3 Mathematical model for the matrix system
Assuming that the pressure is equal on the boundary of
hydraulic fractures and the matrix. U1 is the outer boundary
of the gas reservoir, U2 is the inner boundary of the pro-
duction well, and U3 is the boundary between hydraulic
fractures and the matrix. In this study, we assume that the
outer boundary U1 is sealed, the inner boundary U2 is under
a constant pressure, and the pressure is equal across
boundary U3. Substituting Eqs. (5) and (11) into Eq. (13),
the mathematical model for the single-porosity matrix can
be derived:
where c ¼ Mg
ZRT
; pi is the initial pressure in the gas reservoir,
Pa; pw is the wellbore pressure, Pa; and pF is the pressure in
fractures, Pa.
3.4 Mathematical model for the hydraulic fracture
system
We suppose that only free gas exists in artificial fractures
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pressure is equal across the boundary of hydraulic fractures
and the matrix. Thus, the mathematical model for the
hydraulic fracture can be represented as
o
ot






pF x; y; z; tð Þ t¼0 ¼j pi
pF C2j ¼ pw












where qF is the gas density within the fracture, kg/m
3; /F is
the porosity of the hydraulic fracture, which equals zero
when there are no proppants within the fracture; lF is the
gas viscosity, Pa s; kF is the fracture permeability, m
2,
which can be calculated by the following equations on






where hF is the fracture aperture, m.
3.5 Solution with the finite element method
The DFM can be used to simplify the description of the
hydraulic fracture (Yao et al. 2010; Huang et al. 2011).
Three-dimensional fractures are converted into two-di-
mensional surface elements (as shown in Fig. 2). In order
to guarantee equal integral value, the fracture aperture
should be multiplied before the surface integral. DFM
greatly decreases the number of grids and improves the
numerical computation efficiency.
In Eqs. (14) and (15), the DFM is applied to simplify the
fracture surface. The FEM is used to solve it, in which
tetrahedron elements are used in the matrix, and two-di-
mensional triangular elements are used in the fracture
surface (Li et al. 2010; Yao et al. 2013c). The equations are
nonlinear and hard to solve directly; therefore, iteration is
used to solve them at an arbitrary time point. The pressure
of nth time step is applied to obtain the pressure of the
(n ? 1)th time step. To guarantee algorithm stability, an
implicit backward difference method about time is utilized.
4 Numerical example and analysis of factors
affecting production
In this paper, a multi-stage fractured horizontal well in the
middle of a box-shaped sealed reservoir is simulated, with
its coordinate ranging from (x1, y0, z0) to (x2, y0, z0).
Vertical hydraulic fractures are in the shape of rectangles
symmetrically distributed around the horizontal well (as
shown in Fig. 3). The gas reservoir is penetrated up and
down by hydraulic fractures. Meanwhile, the gas reservoir
is assumed to be homogeneous, and the influence of gravity
is ignored. The basic parameters of the gas reservoir and
fractured horizontal well are shown in Table 1.
f (3D)
f (2D)






Fig. 3 3D schematic map of the fractured horizontal well
Table 1 Basic data used in the simulation of the multi-staged frac-
tured horizontal well
Basic parameter Value
Gas reservoir size Xe 9 Ye 9 h, m 1500 9 1500 9 50
Initial reservoir pressure, MPa 15
Horizontal well length, m 800
Pore radius, nm 1, 5, 10, 25, 50, 100
Wellbore radius, m 0.1
Intrinsic matrix permeability, lm2 1 9 10-7
Matrix porosity 0.05
Number of fractures 8
Fracture half-length, m 100
Fracture spacing, m 100
Fracture aperture, m 0.005
Well bottom pressure, MPa 4
Gas reservoir temperature, C 52
Gas component Methane
Matrix density, kg/m3 2600
Langmuir volume, m3/kg 3 9 10-3
Langmuir pressure, MPa 6
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4.1 Influence of transport mechanisms
Because of the nanopores in shale reservoirs, the matrix
porosity and permeability are extremely low. Due to dif-
ferent pore sizes in porous media, the intrinsic matrix
permeability differs, and thus, the influence of viscous
flow, Knudsen diffusion, adsorbed layer, and surface dif-
fusion on transport mechanisms varies substantially. Fig-
ure 4 shows simulated cumulative production versus
intrinsic permeability under different transport mechanisms
over 20 years. As illustrated in Fig. 4, when k?[10
-5 lm2,
because of the relatively large pore size, gas transport in
the porous matrix is dominated by viscous flow, Knudsen
diffusion and surface diffusion have little impact on the
productivity of fractured horizontal wells and can be
ignored. When 10-7 lm2\ k?\ 10
-5 lm2, with a
decrease in the pore size, the influence of Knudsen diffu-
sion becomes bigger and gradually affects the productivity
of fractured horizontal wells and cannot be ignored, but the
influence of the surface diffusion still can be ignored.
When k?\ 10
-7 lm2, because of the extremely small
pore size, gas transport in a porous matrix is dominated by
Knudsen diffusion, which has the biggest contribution to
the production of fractured horizontal wells. Meanwhile,
the impact of surface diffusion on the production of frac-
tured horizontal wells becomes bigger and thus cannot be
ignored.
4.2 Influence of intrinsic matrix permeability
For a single-porosity shale gas reservoir, the intrinsic
matrix permeability is one of the main factors that affect
the productivity of fractured horizontal wells. From Fig. 5,
with an increase in the intrinsic matrix permeability, daily
gas production and cumulative gas production increase
dramatically. With a decrease in the intrinsic matrix per-
meability, gas transport in porous media is gradually
dominated by Knudsen diffusion and surface diffusion, and
the impact of viscous flow is reduced, which slows the
production decline rate and guarantees long-term stable
production.
4.3 Influence of an adsorption layer
As shown in Fig. 6, because of the existence of adsorbed
gas, the effective pore size and effective porosity decrease.
With a decrease in the pore radius, the fractured horizontal
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Fig. 4 Cumulative production predicted by different transport
models
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Fig. 5 Effects of intrinsic matrix permeability on production and cumulative production
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well production gradually diminishes for the same pro-
duction time. The production that involves the adsorption
layer is lower than production to which the adsorption layer
does not contribute. Furthermore, with a decrease in the
pore radius, the ratio of the adsorption layer thickness
divided by the pore radius gradually increases, and the
impact of adsorption layer on production becomes bigger.
The reduction in cumulative production considering the
adsorption layer is a percentage that defined as the differ-
ence of the cumulative production between without and
with the adsorption layer divided by the cumulative pro-
duction without the adsorption layer. As shown in Fig. 7,
when r[ 10 nm, whether the adsorption layer thickness is
considered or not, the production does not change much,
with the reduction in cumulative production all below
10 %. When r\ 10 nm, the influence of the adsorption
layer thickness on production cannot be ignored. When
r decreases to 1 nm, compared with the cumulative pro-
duction of 10,000 days without the adsorption layer, the
reduction in cumulative production considering the
adsorption layer increased up to 52.3 %.
As can be seen in Fig. 8, when r[ 10 nm, gas transport
in a porous medium is dominated by viscous flow. Thus,
with a decrease in the pore radius, considering the
adsorption layer thickness, the decline rate of the fractured
horizontal well production is relatively small. When
r\ 10 nm, Knudsen diffusion and surface diffusion
become the main transport mechanisms. In this condition,
with a decrease in the pore radius, considering the
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Fig. 6 Impact of the adsorption layer on fractured horizontal well productivity with different pore radii













































Fig. 7 Impact of adsorption layer on the reduction in the cumulative
production under different pore radii























Fig. 8 Contributions to cumulative production by viscous flow,
Knudsen diffusion, and surface diffusion under different pore radii
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adsorption layer thickness, the fractured horizontal well
production decrease degree gradually becomes bigger.
Therefore, the influence of adsorption layer on production
performance and productivity should not be ignored for
nano-scale shale gas reservoirs.
4.4 Influence of gas reservoir pressure
Figure 9 shows that formation pore pressure dramatically
impacts on the gas transport mechanisms in nanopores.
When r[ 10 nm, gas transport in matrix is dominated by
viscous flow while the adsorption layer thickness has little
impact on gas transport. Under the same drawdown pres-
sure, with an increase in the formation pore pressure, the
amount of absorbed gas increases correspondingly, and the
production of a fractured horizontal well gradually
increases. When r\ 10 nm, gas transport is dominated by
Knudsen diffusion and surface diffusion, and the influence
of the adsorption layer thickness on gas transport can no
longer be ignored. In this condition, with a decrease in the
formation pore pressure, the amount of absorbed gas
decreases correspondingly and the thickness of adsorption
layer gradually decreases. The increase in well production
caused by Knudsen diffusion and surface diffusion exceeds
the production loss caused by viscous flow, which makes
the production of the fractured horizontal well increase
with a decrease in the pore pressure. Surface diffusion
varies inversely with the pore pressure, and the variation
trend of its contribution to production with pressure change
is the opposite to that of viscous flow.
When the pore radius is extremely small (e.g., 1 nm),
with an increase in the pore pressure, the amount of
absorbed gas and the thickness of the adsorption layer
increase correspondingly, resulting in a decrease in the
effective flow radius and effective porosity. Meanwhile,
the cumulative production decreases under the same
drawdown pressure (as shown in Fig. 10). When the pore
pressure is relatively small, with an increase in the pore
pressure, the amount of absorbed gas and the adsorption
layer thickness increase significantly and the cumulative
production drops dramatically. When the pore pressure is
higher than 30 MPa, the increasing tendency of the amount
of gas and the adsorption layer thickness slow down and
tend to constant values. Meanwhile, the effective pore
radius and the effective porosity gradually become stable,
and the decrease in the cumulative production becomes
smaller. The higher the pore pressure is, the smaller the
influence of Knudsen diffusion and surface diffusion on
production is. When the pore pressure is high enough, the
influence of surface diffusion on production is hard to
observe and thus can be ignored.
5 Conclusions
In this paper, gas transport mechanisms in shale nanopores
are established, considering the influence of viscous flow,
Knudsen diffusion, surface diffusion, the adsorption layer,
and gas desorption. A finite element method is used to
investigate the influence of shale gas transport mechanisms
on the productivity of the multi-stage fractured horizontal
well. The following conclusions can be made.
(1) With Knudsen diffusion and surface diffusion taken
into account, the productivity of a multi-stage
fractured horizontal well is higher than the produc-
tion that only considers viscous flow. Furthermore,































Fig. 9 Cumulative production under different pore pressures and
pore radii





























Fig. 10 Cumulative production under different pore pressures at the
same drawdown pressure with r = 1 nm
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as the intrinsic matrix permeability decreases, the
increment of fractured horizontal well-cumulative
production involving Knudsen diffusion and surface
diffusion increases. Therefore, the influence of
Knudsen diffusion and surface diffusion on the
production of ultra-low permeability shale gas
reservoirs should not be ignored.
(2) The intrinsic matrix permeability dramatically influ-
ences the productivity of the multi-stage fractured
horizontal well. As the intrinsic matrix permeability
becomes smaller, the productivity of multi-stage
fractured horizontal wells decreases and the middle-
and late-period production decline rate slows down.
This is because when the intrinsic matrix permeabil-
ity is smaller than 10-5 lm2, Knudsen diffusion and
surface diffusion start to play an increasingly
important role in gas transport, which guarantees
the stable production of fractured horizontal wells.
(3) The existence of an adsorption layer on the nanopore
surface reduces the effective pore radius and effec-
tive porosity, which lowers the production of frac-
tured horizontal wells. With a decrease in the pore
radius, the production decline becomes bigger.
When r\ 10 nm, Knudsen diffusion and surface
diffusion gradually become the main transport
mechanisms. The reduction in cumulative produc-
tion considering the adsorption layer increases up to
52.3 % when r decreases to 1 nm.
(4) When r\ 10 nm, with a decrease in the formation
pore pressure, the amount of absorbed gas decreases
correspondingly and the thickness of the adsorption
layer gradually decreases. With Knudsen diffusion
and surface diffusion taken into account, the pro-
duction of multi-stage fractured horizontal wells
increases with a decrease in the pore pressure. When
the pore pressure is lower than 30 MPa, the incre-
ment of cumulative production becomes bigger with
a decrease in the pore pressure.
The production time of fractured horizontal wells lasts
longer, with lower production decline rate in the middle
and late period. This is generally believed to be associated
with gas adsorption and desorption. This study found that
with a decrease in the formation pore pressure, gas trans-
port in a porous matrix is dominated by Knudsen diffusion
and surface diffusion, and the adsorption layer thickness
decreases correspondingly, which slows the production
decline rate. Therefore, the gas transport in nanopores is
also the key factor that influences the production perfor-
mance of shale gas wells. Gas adsorption and desorption on
the matrix pore surfaces together with the gas transport
mechanism in nanopores determine production behavior
and ultimate recoverable reserves of shale gas multi-stage
fractured horizontal wells.
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